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Patients with amyotrophic lateral sclerosis (ALS) can have abnor-
mal TDP-43 aggregates in the nucleus and cytosol of their surviv-
ing neurons and glia. Although accumulating evidence indicates
that astroglial dysfunction contributes to motor neuron degener-
ation in ALS, the normal function of TDP-43 in astrocytes are
largely unknown, and the role of astroglial TDP-43 loss to ALS
pathobiology remains to be clarified. Herein, we show that TDP-
43-deleted astrocytes exhibit a cell-autonomous increase in GFAP
immunoreactivity without affecting astrocyte or microglia prolif-
eration. At the transcriptomic level, TDP-43-deleted astrocytes re-
semble A1-reactive astrocytes and induce microglia to increase C1q
expression. These astrocytic changes do not cause loss of motor
neurons in the spinal cord or denervation at the neuromuscular
junction. In contrast, there is a selective reduction of mature oli-
godendrocytes, but not oligodendrocyte precursor cells, suggest-
ing triglial dysfunction mediated by TDP-43 loss in astrocytes.
Moreover, mice with astroglial TDP-43 deletion develop motor,
but not sensory, deficits. Taken together, our results demonstrate
that TDP-43 is required to maintain the protective functions of
astrocytes relevant to the development of motor deficits in mice.
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n neurodegenerative diseases, such as Alzheimer’s disease (AD),

the pathological hallmarks of the condition are often charac-
terized by the aberrant aggregation of proteins encoded by mutant
genes that cause the rarer familial forms of the disease. In this
regard, ~50 mutations have been identified in the TARDBP gene,
encoding the TDP-43 protein, which is linked to amyotrophic
lateral sclerosis (ALS) and frontotemporal dementia (FTD) (1-4).
Moreover, intracellular inclusions containing TDP-43 proteins are
present in the brains and spinal cords of >90% of sporadic ALS
and ~45% of FTD patients (5-7). This TDP-43 gene—pathology
relationship in ALS and FTD suggests a critical role for TDP-43 in
ALS/FTD pathogenesis. Intriguingly, the characteristic TDP-43
histopathology is the presence of cytoplasmic TDP-43 inclusions
accompanied by a clearance of nuclear TDP-43 and intranuclear
TDP-43 inclusions in both neurons and glial cells (8-10). As such,
loss of normal nuclear TDP-43 function in neurons or glia could
contribute to ALS/FTD and other TDP-43 proteinopathy-related
diseases (7, 11).

TDP-43 is a 414-amino acid nucleic-acid binding protein
containing an N-terminal ubiquitin-like fold and two RNA recog-
nition motifs, followed by a glycine-rich, low-sequence complexity
prion-like domain at the C terminus. Although TDP-43 was orig-
inally described to harbor transcription repressor activity (12), the
functions of TDP-43 has since been expanded to include a wide
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range of biological processes (7, 13-15), including biogenesis and
processing of coding and noncoding RNAs (7, 13-15), mRNA
transport (16), translation (17, 18), mitochondrial function (19),
autophagy (20, 21), and organelle homeostasis (22). While TDP-43
is expressed in all major cell types within the central nervous system
(CNS) (23), it is not known whether TDP-43 has cell-type—specific
functions.

Within the CNS, glia are viewed as supporting cells that pro-
vide an optimal environment for neurons to function properly (24).
However, recent studies have highlighted more “active” roles of
glia in brain health (25, 26). For example, astrocytes can form scars
that aid axon regeneration (27) or become reactive, known as
“Al”-reactive astrocytes, to kill neurons and oligodendrocytes (28).
Critically, blocking the transitions to Al astrocytes is effective in
ameliorating neurodegeneration in AD and Parkinson’s disease
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(PD) animal models (29, 30). Furthermore, chemotherapy-induced
cognitive impairment may be caused by the activation of microglia
and astrocytes that impact on oligodendrocyte lineage cells (31).

Contributions from nonneuronal cells to neuronal dysfunc-
tions has been documented for AD, ALS, and other neurode-
generative diseases (32). While astrocytes derived from sporadic
ALS patients, presumably with TDP-43 pathology, are toxic to
motor neurons (33-35), astrocytes expressing ALS-causing mu-
tations in TDP-43 have been reported to either inhibit or have no
effect on motor neuron survival (36-39). In addition, sporadic
ALS patients show demyelination in the motor cortex and spinal
cord and enhanced immunoreactivity for neural/glial antigen 2
(NG2), a marker of oligodendrocyte precursor cells (OPCs) (40).
Taken together, these findings suggest that glial dysfunction may
contribute TDP-43-mediated toxicity.

To address the normal physiological function of TDP-43 in
different glia populations and determine how TDP-43-mediated
glial dysfunction contributes to neurodegeneration, we and others
have inactivated TDP-43 in oligodendrocytes and microglia in
mice (41, 42). We demonstrated that TDP-43 is required for oli-
godendrocyte survival and myelination by regulating the expres-
sion of myelin-related genes, and that loss of oligodendroglial
TDP-43 expression leads to progressive neurological phenotypes
and early lethality (41), whereas, Paolicelli et al. (42) showed that
TDP-43 is required for microglial phagocytosis and microglial
TDP-43 deletion results in loss of synapses. In this study, we se-
lectively deleted TDP-43 in astrocytes and found that TDP-
43-deleted astrocytes acquire a molecular signature resembling
Al-reactive astrocytes. These TDP-43-deleted astrocytes affect
the function of microglia as well as the survival of mature oligo-
dendrocytes. Taken together, our results suggest both cell-autonomous
(astrocytes, where TDP-43 is deleted) and noncell-autonomous
(microglia and oligodendrocytes, where TDP-43 appears to lo-
calize normally in the nucleus) effects due to TDP-43 loss in
astrocytes.

Results

Astrocytic TDP-43 Depletion Results in Cell-Autonomously Larger
Astrocytic Territories. In order to investigate the normal physio-
logical function of TDP-43 in astrocytes, and how loss of astro-
glial TDP-43 may contribute to ALS, conditional TDP-43
(Tardbp™") mice were crossed with the glial fibrillary acidic
protein (GFAP)-Cre mouse line, in which the Cre-recombinase
expression is driven by the human GFAP promoter (43) (here-
after referred to as GFAP-Cre). We first evaluated the cell-
type-specificity of Cre-mediated recombination by breeding
GFAP-Cre mice with Rosa26-GFP-NLS-LacZ (GNZ) (hereafter
referred to as Rosa-GNZ) reporter mice (SI Appendix, Fig. S14),
where the ubiquitously expressing Rosa26 locus contains a loxP-
STOP-loxP cassette preceding a GNZ fusion protein (44). To
determine the exact cell type in which Cre-mediated recombi-
nation occurs, double labeling with GFP and specific cell
markers was conducted. Over 90% of the cells positive for GFAP
expression were also positive for GFP (90.6 + 1.0%) (SI Ap-
pendix, Fig. S1 B and C), in contrast to very little colocalization
of GFP with the neuronal marker NeuN (1.8 + 0.6%) (SI Ap-
pendix, Fig. S1 B and D) or Olig2™ oligodendrocyte lineage cells
(12.6 + 0.7%) (SI Appendix, Fig. S1 B and E). Because GFAP-
Cre appears to be active in ~10% of Olig2* cells, we further
investigated the potential excision in oligodendrocyte lineage
cells using Sox10 (labels oligodendrocyte lineage cells), NG2
(labels OPCs), and APC-CC1 (labels mature oligodendrocytes)
antibodies (SI Appendix, Fig. S2 A-C), revealing 2.1 + 1.8% of
Sox10/GFP-, 9.8 + 5.8% of NG2/GFP—, and 0.3 + 0.9% of APC-
CC1/GFP-double-positive cells (SI Appendix, Fig. S2 A-C). Fi-
nally, we found very little overlap between GFP and Ibal
(microglia marker) expression (3.1 + 4.2%). These results indicate
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that GFAP-Cre-mediated recombination in the spinal cord is
largely restricted to astrocytes.

We next bred Tardbp™" mice with GEAP-Cre mice to selectively
delete TDP-43 in astrocytes. The resulting offspring followed the
expected Mendelian ratio for the possible genotypes: Tardbp”*,
Tardbp", GEAP-Cre; Tardbp™*, and GFAP-Cre; Tardbp™" (Fig. 14).
The specificity of TDP-43 deletion in astrocytes was confirmed by
colabeling GFAP and TDP-43 with GFAP™ cells devoid of TDP-43
in GFAP-Cre;Tardbp™" (abbreviated as “cKO”), but not Tardbp™"
(abbreviated as “ctr”), and GFAP-Cre;Tardbp* (abbreviated as
“cHet”), mice (SI Appendix, Fig. S3). Due to documented autor-
egulatory mechanisms (45, 46), the expression level of TDP-43 in
the astrocytes of GFAP-Cre;Tardbp™™ mice was presumed to be the
same as in Tardbp™" animals. Indeed, GEAP-Cre;Tardbp"™* mice are
indistinguishable from Tardbp™™ mice (see below), both of which
were used as controls in the subsequent analyses.

To better quantify the excision efficiency and specificity of
TDP-43 loss in astrocytes, spinal cords were divided into dorsal
and ventral regions based on the position of the central canal.
Astrocytes were identified using a combination of cytoskeletal
(GFAP) and nuclear (Sox9) markers. Loss of TDP-43 in GFAP/
Sox9-double-positive cells was readily and unambiguously identi-
fied (Fig. 1B and SI Appendix, Fig. S2). Quantitative analyses
revealed that 90.9 + 4.1% and 63.2 + 6.8% of astrocytes harbored
TDP-43 deletion within the dorsal and ventral gray matter of
GFAP-Cre; Tardbp™" mice, respectively (Fig. 1C). This indicates
that TDP-43 is deleted in a specific, but nonuniform fashion within
the mouse spinal cord.

We next sought to biochemically determine the extent of TDP-
43 deletion in astrocytes. To this end, we first quantified TDP-43
expression in astrocytes and oligodendrocytes. Astrocytes and
oligodendrocytes were isolated from the wild-type mouse cere-
bral cortex using the cell surface markers, ACSA-2 and O4, re-
spectively (Fig. 1D). The purity of astrocytes and oligodendrocytes
were confirmed with GFAP or ALDHILI (astrocyte markers) and
myelin basic protein (MBP, myelinating oligodendrocyte marker),
whereas PSD-95 (neuron marker) was diminished in the astrocyte
and oligodendrocyte fractions (Fig. 1D). Using a known amount of
recombinant mouse TDP-43, TDP-43 expression was estimated to
be four times higher in astrocytes relative to oligodendrocytes
(8 ng and 2 ng of TDP-43 in 20 pg of astrocyte and oligoden-
drocyte lysates, respectively) by immunoblotting (Fig. 1D). To
estimate the extent of TDP-43 deletion in astrocytes, spinal cords
from Tardbp™" and GFAP-Cre;Tardbp™" mice were used. Astro-
cytes and oligodendrocytes were isolated by FACS (Fig. 1E). The
enrichment of astrocytes and oligodendrocytes was confirmed by
qRT-PCR of Aldhl1ll and Cnp genes (Fig. 1E), revealing a 50%
reduction in TDP-43 expression in the astrocyte fractions (Fig. 1E).

When TDP-43 was reduced in astrocytes, GFAP immunore-
activity appear to be increased (Fig. 1B, arrow) relative to astro-
cytes with TDP-43 expression (Fig. 1B, arrowheads). To better
quantify astrocytic morphological changes, individual astrocytes
were traced based on GFAP staining from the dorsal and ventral
horn of Tardbp™", GFAP-Cre;Tardbp™*, and GFAP-Cre; Tardbp™"
mice. The astrocytes in the GFAP-Cre;Tardbp’ " mice were further
classified based on the presence (TDP-43") or absence (TDP-437)
of TDP-43 expression (Fig. 24). Astrocytes with TDP-43 deletion
showed a twofold increase in total process length and number
compared to astrocytes with TDP-43 expression (Fig. 2 B and C).
The magnitude of change was similar between dorsal and ventral
parts of the spinal cord (dorsal process length: 1.9-fold, P < 0.01;
ventral process length, 2.3-fold, P < 0.001; dorsal process num-
bers: 2.1-fold, P < 0.001; ventral process numbers, 2.3-fold, P <
0.001). Furthermore, the total length of the processes and the
number of processes in astrocytes with TDP-43 were comparable
in Tardbp™ GFAP-Cre; Tardbp™™*, and GFAP-Cre; Tardbp™" mice
(Fig. 2 B and C), suggesting that astrocytes without TDP-43 ex-
pression exhibit cell-autonomous morphological changes.
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Fig. 1. TDP-43-deleted astrocytes have enhanced
GFAP immunoreactivity. (A) Mating strategy to gener-
ate GFAP-Cre;Tardbp™ mice. The resultant mice gen-
otypes, Tardbp™, Tardbp™ (ctr), GFAP-Cre;Tardbp™*
(cHet), GFAPCre;Tardbp™ (cKO) were in expected
Mendelian ratio of 1:1:1:1, with a cohort of 235 live
pups yielding 22.1% Tardbp™*, 21.7% ctr, 34.9% cHet,
and 21.3% cKO mice. (B) Confocal images of spinal cord
sections colabeled with TDP-43 (green) and astrocyte
markers [GFAP (red) and Sox9 (gray)] in ctr and cKO
mice. GFAP/Sox9-double-positive astrocytes without
TDP-43 (arrow) show enhanced GFAP immunore-
activity compared to GFAP/Sox9-double-positive as-
trocytes with TDP-43 (arrowhead). (Enlargement, 2x
zoom.) (Scale bar, 50 pm.) (C) Excision efficiency and
N specificity across the dorsal (Left) and ventral (Right)
gray matter of spinal cords of ctr, cHet, and cKO mice.
Significant loss of TDP-43 expression in cKO mice, with
dorsal and ventral differences in efficiency observed
* (***P < 0.001, n = 3 for each genotype, n > 6 sections
per mouse). (D, Upper) Schematic for isolation of oli-
godendrocytes and astrocytes using O4 and ACSA-2
magnetic beads from the mouse cerebral cortex.
(Lower) Immunoblots for TDP-43, GFAP, ALDH1L1,
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Astrocytic TDP-43 Depletion Induces A1-Like Reactive Astrocytes. To
define the molecular changes associated with TDP-43 loss in
astrocytes, RNA sequencing (RNA-seq) of whole spinal cords of
3-mo-old Tardbp™", GEAP-Cre; Tardbp”™, and GEAP-Cre; Tardbp™"
mice was performed. Principal component analysis revealed that
GFAP-Cre;Tardbp™" samples cluster separately from Tardbp™" and
GFAP-Cre; Tardbp™™* samples, which cluster together (SI Appendix,
Fig. S44). Pairwise comparisons revealed that the global gene-
expression patterns in GFAP-Cre; Tardbp™" mice were distinct
from Tardbp™" and GFAP-Cre;Tardbp™* mice (SI Appendix,
Fig.S4 B-D). Differential gene-expression analysis contrasting
GFAP-Cre; Tardbp™" with Tardbp™" yielded 624 significantly dys-
regulated genes (427 up and 197 down differentially expressed
genes [DEGs]) (Fig. 34). Comparisons between Tardbp™" and
GFAP-Cre;Tardbp™™ samples yielded only 29 DEGs, suggesting
that they were nearly indistinguishable (SI Appendix, Fig. S4B).
Further downstream analysis focused on comparisons between
GFAP-Cre; Tardbp™" and Tardbp™" samples.

Gene ontology (GO) terms revealed functional divergences in
the enriched up- and down-regulated GO terms (Fig. 3B). The top
five up-regulated GO terms were associated with energy and met-
abolic processes, including nucleoside monophosphate metabolic
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process, monovalent inorganic cation transport, and cofactor met-
abolic factors. The top five down-regulated GO terms included
ensheathment of neurons (with associated down-regulation of
myelination genes, such as Mag, Myrf, and Pip1), gliogenesis, axon
development, regulation of transsynaptic signaling, and negative-
regulation of cell projection. Although the down-regulated GO
terms are functionally distinct, these GO groups appear to reflect
reactive astrocytosis (28, 47).

To further elucidate astrocyte changes in the TDP-43—deleted
astrocytes, we performed gene set enrichment analysis (GSEA)
using known transcriptomic signatures of pan-reactive astrocytes,
including Al and A2 astrocytes (28, 47) (Fig. 3C). The proposed
or known functions of these pan-reactive Al and A2 astrocyte
markers are listed in the SI Appendix, Table S1. The Al-specific
signature and the pan-reactive astrocyte signature were signifi-
cantly and positively enriched (Fig. 3D), suggesting an Al-like
molecular profile in TDP-43-deleted astrocytes. qRT-PCR assays
confirmed the increased expression of the pan-reactive marker,
Serpina3n (Fig. 3E), and Al-reactive markers, C3 and Ligpl
(Fig. 3 F and G). The up-regulated genes appear to participate in a
complement system and activity (such as C3 and Serpingl) and be
part of class I major histocompatibility complex (MHC) molecules
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(such as H2-DI and H2-T23) (SI Appendix, Table S1). In contrast,
there was no apparent up-regulation of the astrocyte-enriched
gene set (23) (SI Appendix, Fig. S5). Collectively, these data sug-
gest that TDP-43—deleted astrocytes harbor an Al-like reactive
signature.

Astrocytic TDP-43 Depletion Does Not Increase Astrocyte or Microglia
Proliferation, but Induces C1q Expression. Al-reactive astrocytes
were originally described as being activated by reactive microglia
that release IL-1a, TNF, and Clq (28). To investigate microglia
activation in the spinal cords of mice with astroglial TDP-43 dele-
tion, we examined Ibal expression by immunofluorescence. No
change in the Ibal staining pattern or intensity was observed in
Tardbpﬂ/ﬂ, GFAP-Cre;Tardbpﬂ/ * and GFAP-Cre;Tardbpﬂm mice (Fig.
44). Since the RNA-seq analysis revealed that component factor
1q (Clqa, Clgb, Clgc) was uniquely up-regulated in GFAP-
Cre;Tardbp™" mice (Fig. 4B, Top), we confirmed increased
Clga and Clgb expression by qRT-PCR (Fig. 4C). No dis-
cernable changes were found in the proinflammatory and anti-
inflammatory genes among all three genotypes (Fig. 4B, Middle
and Bottom) (28, 48-51).

Enhanced GFAP-immunoreactivity and the presence of an
Al-like molecular signature suggests a possible astrogliosis phe-
notype, which is characterized with astrocyte proliferation (52).
We next quantified the numbers of astrocytes using double-
labeling of GFAP and Sox9 in both dorsal and ventral gray mat-
ters of the spinal cords. Quantification of GFAP/Sox9—double-
positive astrocytes showed that the numbers of astrocytes were
comparable across the different genotypes (Fig. 4D). To analyze
astrocyte and microglia proliferation, 5-ethynyl-2’'deoxyuridine
(EdU) was injected for 2 consecutive days followed by 5 d of chase
starting at postnatal day 90 (P90). The number of newly prolif-
erating astrocytes and microglia were quantified by EAU costain-
ing with astrocyte (Sox9) and microglia (Ibal) markers (Fig. 4E).
No difference in the total numbers of EdU™ cells was found
among genotypes (Fig. 4F). Furthermore, quantification of the
number of EdU/Sox9-double-positive astrocytes (Fig. 4H) and
EdU/Ibal-double-positive microglia (Fig. 4G and SI Appendix,
Fig. S6) showed comparable numbers across three different gen-
otypes, establishing no change in astrocyte or microglia prolifer-
ation. In addition, we found very low and comparable TDP-43

immunofluorescence signals in Ibal™ microglia across the three
genotypes (SI Appendix, Fig. S7). Taken together, these data
suggest that TDP-43—deleted astrocytes 1) cell-autonomously ac-
quire the molecular signature of Al-like reactive astrocytes with-
out affecting astrocyte and microglia proliferation, and 2) non-cell-
autonomously induce microglia to increase their expression of
components of the C1 complement system.

Astrocytic TDP-43 Depletion Does Not Induce Motor Neuron
Degeneration. Al astrocytes have been shown to affect the sur-
vival and function of neurons and oligodendrocytes (28). We next
sought to determine whether spinal cord motor neurons were
susceptible to TDP-43 loss in astrocytes using choline acetyl-
transferase (ChAT) antibodies to label spinal cord motor neurons
(Fig. 54). There was no significant difference in the number of
motor neurons across the genotypes (Fig. 5B). However, there
were ~10% ChAT* motor neurons (9.4 + 13.8%) that showed
loss of TDP-43 expression in GEAP-Cre; Tardbp™" mice (Fig. 5C).
The data suggest that loss of astroglial TDP-43 does not cause
motor neuron degeneration.

As denervation at the neuromuscular junction (NMJ) has been
proposed to be an early event in the development of ALS, we
next investigated the degree of innervation by quantifying the
NMJs within the gastrocnemius muscle. Muscle sections were
costained with presynaptic neuronal markers, synaptophysin and
neurofilament, and fluorescence-tagged o-bungarotoxin, which
labels postsynaptic muscular acetylcholine receptors (Fig. 5D).
Innervation across all genotypes was found to be indistinguish-
able with 100% intact NMJs (Fig. 5E). Furthermore, we also
quantified the areas of NMJs and found no difference across the
three genotypes (Fig. 5F), demonstrating that astroglial deletion
of TDP-43 does not lead to NMJ denervation.

Astrocytic TDP-43 Depletion Reduces Mature Oligodendrocytes. GO
enrichment analysis showed a down-regulation of “ensheathment
of neurons” (Fig. 3B), suggesting that myelinating oligodendro-
cytes may be affected in the spinal cords of astroglial TDP-
43—deleted mice. To test this possibility, we computationally es-
timated the cell type composition using the dampened weighted
least-squares (DWLS) algorithm (53). Cell-type signatures were
first derived from brain single-cell RNA-seq data from the Mouse
Cell Atlas (53, 54), and subsequently used to “deconvolute” the
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bulk RNA-seq data (Fig. 64). The computational model predicts a
significant reduction of the proportion of mature myelinating ol-
igodendrocytes, but not OPCs (Fig. 64). Indeed, analysis of the
myelin structural genes (Fig. 6 B, Top) and the oligodendrocyte-
enriched genes (23) (Fig. 6 B, Middle) revealed consistently re-
duced expression in the GFAP-Cre; Tardbpﬂ/ﬂ mice. In contrast, the
expression levels of OPC-enriched genes were comparable (Fig.
6 B, Bottom), suggesting a potential reduction in mature oligo-
dendrocytes, but not OPCs.

To confirm the reduction of mature oligodendrocytes in
astroglial TDP-43—deleted mice, we quantified the number of
mature oligodendrocytes using a mature oligodendrocyte marker
(APC-CC1) 1541, 55). CC1* mature oligodendrocytes in GFAP-
Cre; Tardbp"™" mice were reduced to 60% (P = 0.0439) and 58%
(P =0.02) of wild-type levels in the spinal cord dorsal and ventral
gray matter, respectively (Fig. 6C and SI Appendix, Fig. S8).
Although CC1* mature oligodendrocytes were reduced by 22%
in the white matter, this trend did not reach statistical significance
(P = 0.236) (Fig. 6C). In contrast, quantification of NG2* OPCs
revealed comparable numbers of OPCs in the dorsal and ventral
gray matter and white matter in the three genotypes (SI Appendix,
Fig. S9). Taken together, these data confirm the computational
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ctr cHet cKO

pression were elevated in cKO mice. #p < 0.1, ***P <
0.001, n = 4 per genotype.

results demonstrating a selective reduction in mature oligoden-
drocytes without affecting OPCs.

To further evaluate whether there were any changes in the
proliferation and differentiation of oligodendrocyte lineage cells,
EdU was injected for 2 consecutive days followed by 5 d of chase.
The numbers of EAU/NG2-double-positive cells were compa-
rable in the three genotypes (Fig. 6D and SI Appendix, Fig. S10),
demonstrating no change in OPC proliferation. Similarly, the
number of EAU/CCl-double-positive cells was comparable be-
tween the gray and white matter in the three genotypes (Fig. 6E),
suggesting normal differentiation of OPCs into mature oligo-
dendrocytes. As ~10% of GFP™ cells labeled with Olig2 (SI Ap-
pendix, Fig. S1) and NG2 (SI Appendix, Fig. S2) in GFAP-
Cre;Rosa-GNZ mice, and mature oligodendrocytes with TDP-43
depletion exhibit cell-autonomous degeneration (41), it is possible
that the loss of mature oligodendrocytes observed in astroglial
TDP-43-deleted mice may be due to GFAP-Cre-mediated re-
combination in oligodendrocyte lineage cells. To address this
possibility, we evaluated the extent of potential TDP-43 deletion
in oligodendrocyte lineage cells. Because the GEAP-Cre transgene
contains a LacZ expression cassette (43) (Fig. 14), we examined
the costaining pattern of LacZ and Sox10, a highly expressed
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Fig. 4. TDP-43-deleted astrocytes cause increased C1q expression in microglia without changing astrocyte or microglia proliferation. (A) Confocal images of
the gray matter of lumbar spinal cords from Tardbp™® (ctr), GFAP-Cre;Tardbp®™* (cHet), GFAP-Cre;Tardbp™ (cKO) mice immunostained with the microglial
marker, Ibal. (Enlargement, 3x zoom.) (Scale bar, 50 um.) (B) Heat map of the expression levels of the signature genes for reactive microglia, as well as
proinflammatory and antiinflammatory cytokines in ctr, cHet, and cKO samples, along with their mean expression levels (log10TPM), and the fold-change
(log2FC) and P value (-log10pval) of cKO samples relative to ctr samples. (C) C7ga and C7gb relative mRNA expression in the spinal cords of ctr, cHet, and cKO
mice at P90 as quantified by gRT-PCR. *P < 0.05, ***P < 0.001; ns, not significant. n = 4 per genotype. (D) Quantification of GFAP/Sox9-double-positive
astrocytes in the dorsal and ventral gray matter of lumbar spinal cords from ctr, cHet, and cKO mice. n = 3 per genotype, 6-8 sections per animal. ns, not
significant. (F) Schematic of EdU pulse-chase experiment. ctr, cHet, and cKO mice were injected with EdU for 2 consecutive days followed by a 5 d of chase
before tissue collection. (F) Quantification of EJU* cells in the gray and white matter of the lumbar spinal cord. n = 3 per genotype, 6-10 sections per animal.
ns, not significant. (G) Quantification of EdU/Sox9-double-positive astrocytes in the dorsal and ventral gray matter of the lumbar spinal cords from ctr, cHet,
and CKO mice. n = 3 per genotype, 6-10 sections per animal. ns, not significant. (H) Quantification of EdU/Ibal-double-positive microglia in the dorsal and
ventral gray matter of the lumbar spinal cords from ctr, cHet, and cKO mice. n = 3 per genotype, 6-10 sections per animal were analyzed. ns, not significant.

transcription factor that is restricted to oligodendrocyte lineage  recombinase is not expressed in oligodendrocyte lineage cells at 3
cells within the CNS (23, 56), of GFAP-Cre;Tardbp/’* mice. LacZ  mo of age. Furthermore, we quantified the expression of TDP-43
and Sox10 labeled distinct populations of cells in both the gray in CC1*, NG2*, or Sox10" cells. The quantification showed
and white matter (SI Appendix, Fig. S11), revealing that Cre  comparable percentages of TDP-43/CCl-, TDP-43/NG2-, and
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TDP-43/Sox10—double-positive cells in all three genotypes
(Fig. 6F and SI Appendix, Fig. S12). Finally, we examined TDP-43
expression in isolated oligodendrocytes from Tardbp™" and GFAP-
Cre; Tardbp™" mice using the O4 surface marker. No changes were
observed for the Tardbp mRNA and TDP-43 protein expres-
sion in isolated oligodendrocytes from GFAP-Cre; Tardb, 7 mice
(Fig. 6 G and H). Taken together, these data indicate that TDP-43
is not depleted in oligodendrocyte lineage cells of the GFAP-
Cre; Tardbp™ mice.

Nevertheless, it is possible that TDP-43 deletion in the oli-
godendrocyte lineage cells occurs early in the development of the
GFAP-Cre;Tardbpﬂ-%Z mice. To address this possibility, RNA-seq
was performed on the whole spinal cords from Tardbp™" CNP-
Cre; Tardbp"'* (CNP-cHet), and CNP-Cre; Tardbp™" (CNP-cKO)
mice at P21 (presymptomatic stage) and P60 (end-stage), as pre-
viously described (41). GSEA of CNP-cKO mouse samples rela-
tive to their respective controls showed an early and progressive
positive enrichment of transcriptional signatures of both reactive
astrocytes and activated microglia at P21 and P60, which was
distinct from that observed following astroglial TDP-43 deletion
(SI Appendix, Fig. S13; details of the transcriptional signatures
provided in SI Appendix, Fig. S14). The CNP-cKO mouse samples
showed positive enrichment of both Al-specific and A2-specific
reactive astrocyte markers at P21 and P60, with nearly all of the
genes in the gene sets being highly up-regulated, unlike the GFAP-
cKO mice, which showed enrichment of only the Al-specific as-
trocyte gene set. The reactive microglia signature was positively
enriched in samples from CNP-cKO mice, with up-regulation of
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Clgq, Tnf, and Illa genes, suggesting activated microglia in the oli-
godendrocyte TDP43-deleted mice, which was not seen in astroglial
TDP-43-deleted mice. Although, oligodendrocyte numbers were
estimated to be reduced in both glial cell TDP-43—deleted mice
(with a greater reduction in CNP-cKO mice), CNP-cKO mice are
also predicted to have increased OPCs at P60, which was not
observed in astroglial TDP-43-deleted mice. These estimates
corroborate with the CNP-cKO mice phenotype described previ-
ously (41). Additionally, the myelin structure, mature oligoden-
drocyte, and OPC-enriched transcriptional signatures in the two
glial TDP-43—deleted mice genotypes were different (SI Appendix,
Fig. S15B). Taken together, these data indicate that although
deletion of TDP-43 in oligodendrocytes and astrocytes result in
reduced mature oligodendrocytes, the mechanisms leading to this
outcome are different in the two glial cell-type deletions.

Mice with Astrocytic TDP-43 Deletion Develop Motor, but Not Sensory,
Defects. Given the triglial dysfunction in mice with astrocytic
TDP-43 deletion, we next sought to determine whether these
astroglial TDP-43-deleted mice develop motor and sensory
abnormalities.

Although GFAP-Cre;Tardbp™" mice develop normally, the
body weights of these mice are ~12% lighter relative to Tardbp™"
(P = 0.039), and GFAP-Cre;Tardbp™* (P = 0.0009) mice, re-
spectively (Fig. 74). The general locomotor activity analysis, as
assessed by the total distance traveled in the open field, revealed
that GFAP-Cre; Tardbp™" mice move less (P < 0.001) (Fig. 7B).
Next, we assessed the motor learning, balance, and coordination

ChAT* MN

ey

Fig. 5. Astrocyte deletion of TDP-43 does not cause
degeneration of motor neurons nor the denervation
- of NMJs. (A) Images through the z axis of confocal
L= — = images of ventral spinal cords of Tardbp™™ (ctr), GFAP-
cr  cHet cKO Cre;Tardbp™* (cHet), GFAP-Cre;Tardbp™f (cKO) mice.
The lumbar spinal cord sections were colabeled with
ChAT (green) and TDP-43 (red). (Enlargement, 2x
zoom.) (Scale bar, 50 pm.) (B) Quantification of ChAT*
motor neurons in the ventral horn of the lumbar
spinal cord. n = 3 per genotype, at least 8 slices
per animal were analyzed. ns, not significant. (C)
Quantification of ChAT* and TDP-43~ (ChAT*/TDP-
437) cells in the ventral horn of the lumbar spinal cord.
ns, not significant. (D) Images through the z axis of
confocal images of the NMJ from gastrocnemius
muscle sections of ctr, cHet, and cKO mice. The muscle
sections were colabeled with presynaptic markers:
Synaptophysin (red) and neurofilament (red), and
| postsynaptic marker a-bungarotoxin (green). (Scale
‘ | bar, 50 pm.) (F) Quantification of the innervation
0| b status of NMJs using the juxtaposition of pre and
( postsynaptic markers. n = 3 per genotype, at least 6
slices per animal were analyzed. ns, not significant. (F)
Quantification of presynaptic and postsynaptic areas
labeled by synaptophysin and a-bungarotoxin, re-
spectively. ns, not significant.
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Fig. 6. Reduced mature oligodendrocytes, but not OPCs, in astroglial TDP-43—deleted mice. (A) Oligodendrocyte cell composition is estimated to have been
reduced in the GFAP—Cre;Tardbp”’ﬂ (cKO) samples as compared to the Tardbpﬂ’fI (ctr), GFAP—Cre,'Tardbpf"+ (cHet) mice spinal cords. The cell composition was
estimated by deconvoluting the bulk RNA-seq data using the DWLS method with cell-type-specific transcriptomic signatures extracted from single-cell RNA-
seq data available at the Mouse Cell Atlas v1.1 (54). ***P < 0.001. (B) Heat map of the expression levels of structural myelin genes. The top cell-type-enriched
genes for OPCs and mature oligodendrocytes (MOs) in ctr, cHet, and cKO samples, along with their mean expression levels across all samples (log10TPM), and
the fold-change (log2FC) and P value (-log10pval) of cKO samples compared to ctr samples. Positive and negative fold-changes are colored in red and blue,
respectively, and the P values corresponding to significant g-values < 0.1 are colored in yellow. (C) Quantification of CC1* mature oligodendrocytes in the
dorsal gray, ventral gray, and white matter of the lumbar spinal cords from ctr, cHet, cKO mice. n = 3 per genotype, at least 8 spinal cord slices per animal
were analyzed. *P < 0.05, **P < 0.01. (D) Quantification of EJU/NG2-double-positive astrocytes in the lumbar spinal cords from ctr, cHet, cKO mice. NG2 is
used to labeled OPCs. n = 3 per genotype, at least 6 spinal cord slices per animal were analyzed. ns, not significant. (E) Quantification of EdU/CC1-double-
positive astrocytes in the gray and white matter of the lumbar spinal cords from ctr, cHet, cKO mice. n = 3 per genotype, at least 6 spinal cord slices per animal
were analyzed. ns, not significant. (F) Confocal image of gray matter of the lumbar spinal cord of ctr and cKO mice immunostained with NG2, a marker of
OPCs (green), and TDP-43. (Scale bar, 25 um.) (G) gRT-PCR for Tardbp (TDP-43) in oligodendrocytes isolated from ctr and cKO mice. (H) Immunoblots of TDP-43

and GAPDH in single-cell fractions (total) and the oligodendrocyte fraction.

using two different tests: accelerating rotarod and balance beam
test. GFAP-Cre; Tardbp™" mice could not stay on the accelerating
rotarod as long as their age-matched littermate controls (P < 0.05)
(Fig. 7C). During balance beam testing, GFAP-Cre; Tardbp™" mice
exhibited significantly more paw slips than controls (Tardbp™" and
GFAP-Cre;Tardbp"*) when walking across the both the 12-mm
(P < 0.05) and 6-mm beams (P < 0.01) (Fig. 7D). Finally, grip
strength, which measures neuromuscular function, was assessed.
GFAP-Cre; Tardbp™" mice displayed a reduction in total body grip
strength (measuring all four paws) compared to Tardbp™" mice
(P =0.019) (Fig. 7 E, Right), but were comparable in forepaw grip
strength (P = 0.713) (Fig. 7 E, Left).

To determine whether astroglial TDP-43 deletion affected
sensory function, we measured thermal (thermoception) and
mechanical sensitivity. In the plantar test for thermal sensitivity,
where radiant heat beams were focused on the animal’s paw,
GFAP-Cre; Tardbp™" mice exhibited similar paw-withdrawal latency
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to controls (Fig. 7F). In the dynamic plantar test for mechanical
sensitivity, where the animal’s paw is subjected to ascending force,
GFAP-Cre; Tardbp™" mice showed comparable withdrawal times
relative to Tardbp™" mice, although GFAP-Cre; Tardbp™* mice
showed ]grolonged paw withdrawal latencies when compared to
Tardbp™" mice (P = 0.026) (Fig. 7 F, Right). Taken together, mice
with astroglial TDP-43 deletion developed deficits in motor, but
not sensory, function.

Discussion

In this study, we showed that TDP-43—deleted astrocytes show
enhanced GFAP immunoreactivity and acquire a molecular sig-
nature resembling Al-like reactive astrocytes. Furthermore, TDP-
43—deleted astrocytes induce up-regulation of C1 complement
expression in the microglia and reduce the number of mature oli-
godendrocytes. Although there was no loss of spinal cord motor
neurons and no denervation of NMIJs, astroglial TDP-43—deletion
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mice develop motor deficits, but have intact thermoception and
mechanoception. Taken together, these data indicate that TDP-43 is
required to maintain astrocytes in a “protective” state (Fig. 8). This
triglial dysfunction may underlie the motor deficits observed in
astroglial TDP-43—deleted mice. Together with previous efforts in
which TDP-43 loss was targeted to mature oligodendrocytes (41) and
microglia (42), these findings collectively underscore cell-type—specific
functions for TDP-43, and reveal that TDP-43-mediated dysfunction
in different cell types contributes to disease pathogenesis through
potentially distinct mechanisms.

How astroglial TDP-43 dysfunction contributes to ALS is not
clear; however, astrocyte-specific overexpression of the ALS-linked
TDP-43 mutant (M337V) protein causes motor neuron degenera-
tion and paralytic phenotypes in rats within 1 mo (36). In contrast,
coculture of induced pluripotent stem cell-derived astrocytes har-
boring the same mutation did not cause motor neuron death
in vitro, although M337V-expressing astrocytes have cytoplasmic
TDP-43 mislocalization and reduced survival (38). Apparent con-
tradictory results were also obtained using astrocytes cultured from
mice expressing another ALS-linked mutation (A315T), which is
toxic to rat ventral spinal cord neurons (37), but is not toxic to
mouse embryonic stem cell-derived motor neurons (39). It should
be noted that astrocytes derived from sporadic ALS patients,
presumably with TDP-43 pathology, are toxic to motor neurons,
although the source of the toxicity from sporadic ALS astrocytes
remains unknown (33-35). On the other hand, transgenic RNAi-
based TDP-43 knockdown using a ubiquitous CAG promoter in
mice causes ALS-like phenotypes, which Yang et al. (57) sug-
gest is due to TDP-43 reduction in astrocytes, but not motor
neurons. In contrast, transplantation of TDP-43—deleted glial-
restricted precursor cells did not cause motor neuron degen-
eration (39). Consistent with this notion, we show that TDP-43
deletion in astrocytes does not cause degeneration of motor
neurons nor the denervation at NMJs. Collectively, these data
suggest that the loss of astroglial TDP-43 is not sufficient to drive
motor neuron degeneration.

Nevertheless, TDP-43—deleted astrocytes exhibit enhanced
GFAP immunoreactivity and appear to occupy larger astroglial
territories. These morphological changes are cell-autonomous, as
the astrocytes retaining TDP-43 expression in GEAP-Cre; Tardbp™"
mice are similar to astrocytes in Tardbp™" and GEAP-Cre; Tardbp"'*
mice. At the molecular level, TDP-43-deleted astrocytes acquire an
Al-like reactive astrocyte signature (28). It is worth noting that
TDP-43-deleted astrocytes do not fully recapitulate Al-reactive
astrocytes, as the expression of several Al genes was not in-
creased in TDP-43—deleted astrocytes. In addition, Al-reactive
astrocytes are proposed to be triggered by activated microglia
through microglia-derived TNF, IL-1, and Clq production (28).
Based on microglial morphology and molecular signatures, micro-
glia in GFAP-Cre; Tardbp™" mice do not appear to be activated,
although Clq mRNA levels are elevated, suggesting that the
Al-like signature of TDP-43-deleted astrocytes is unlikely to
result from the activation of microglia, but rather is due to the
loss of TDP-43 expression in astrocytes. The absence of a potential
feed-forward activation loop involving microglia and astrocytes in
GFAP-Cre; Tardbp™" mice may explain the lack of a strong gliotic
reaction observed.

In contrast, the total numbers of mature oligodendrocytes,
but not OPCs, were reduced in GFAP-Cre;Tardbp™" mice,
without an associated defect in OPC proliferation or differen-
tiation. Al-reactive astrocytes can cause degeneration of mature
oligodendrocytes in vitro (28) and in the setting of chemotherapy
in vivo (31). In these scenarios, activated microglia induce Al-
reactive astrocytes, the latter of which is proposed to cause
degeneration of mature oligodendrocytes. Similarly, Li et al.
(58) recently showed that astrocytes with GFAP mutations
causal for Alexander disease inhibit OPC proliferation and
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myelination, a disease in which TDP-43 aggregates have been
reported (59).

It is possible that TDP-43 is deleted in a small subset of oli-
godendrocyte lineage cells due to transient GFAP-Cre transgene
expression in neural progenitor cells during embryonic devel-
opment (43). To address this possibility, we used five indepen-
dent approaches. First, using a reporter line (ROSA-GNZ) and a
pan-oligodendrocyte marker (Olig2), we estimated that ~10% of
GFP™ cells are also Olig2™*. It should be noted that the potential
~10% excision in oligodendrocytes may be an overestimation, as
Olig2 is also expressed in some astrocytes (60). Thus, additional
mechanisms likely account for the observed 40% reduction of
mature oligodendrocytes in astroglial TDP-43—deleted mice. In
addition, the reporter line may not faithfully recapitulate the cor-
rect depletion pattern of conditional TDP-43 alleles (61). Second,
taking advantage of the LacZ expression cassette within the GEAP-
Cre transgene, we found that LacZ™ and Sox10™ cells are distinct.
As Sox10 is restricted to myelin-forming oligodendrocytes (56),
these data suggest that GFAP-Cre is not expressed in the oligo-
dendrocytes at 3 mo of age. Third, the percentage of TDP-43— and
Sox10-double-positive oligodendrocyte lineage cells, NG2-double-
positive OPCs, or CCl-double-positive mature oligodendrocytes
were comparable to controls. Fourth, we do not observe enhanced
OPC proliferations, which could be triggered by the degeneration
of TDP-43-deleted oligodendrocytes (41), in GEAP-Cre; Tardbp™"
mice. Finally, no TDP-43 reduction was observed in oligodendro-
cytes directly isolated from GEAP-Cre;Tardbp™" mice.

Taken together, our working model is that TDP-43—deleted
astrocytes are toxic to mature oligodendrocytes without affecting
OPCs. Furthermore, TDP-43 deletion in both astrocytes and
oligodendrocytes is observed to cause change in status of micro-
glia, astrocytes, and oligodendrocytes. In particular, there was
pronounced astrocyte and microglia activation proceeding no-
ticeable oligodendrocyte degeneration and demyelination in the
oligodendroglial TDP-43—deletion mice. These data further sup-
port a close communication between astrocytes, oligodendrocytes,
and microglia, and a triglial dysfunction may underlie the neuro-
logical phenotypes observed in the astroglial and oligodendroglial
TDP-43—deleted mice. Future work using single-cell RNA-seq is
planned to address the molecular mechanisms operative in the
three types of glia.

Although TDP-43 proteinopathies were originally identified
for the majority of ALS and a subgroup of FTD patients (5, 6),
recent studies have highlighted the prevalence of TDP-43 pa-
thologies in the brains of old-aged humans (62, 63) and a wide
range of neurodegenerative diseases (13), such as AD (64, 65),
PD (66), hippocampal sclerosis (67, 68), and limbic-predominant
age-related TDP-43 encephalopathy (LATE, a disease with TDP-
43 pathology within medial temporal lobe structures in patients
over 80y old) (69). Given that the severity and symptoms of each
disease typically corelate with TDP-43 pathology within affected
brain regions (63), TDP-43 dysfunction likely contributes to dis-
ease onset and progression. Combined with previous studies de-
leting TDP-43 in mature oligodendrocytes (41) and microglia (42),
our findings in astrocytes expand the role of TDP-43-mediated
dysfunction in multiple cell types in disease pathogenesis through
potentially distinct mechanisms. Delineating the underlying mecha-
nisms would facilitate the development of novel strategies for treating
ALS/FTD, AD, and TDP-43-associated proteinopathies-associated
diseases and aging.

Materials and Methods

Mouse Models. All studies were carried out under protocols approved by the
Institutional Animal Care and Use Committee of the National University of Sin-
gapore and were in compliance with Association for Assessment of Laboratory
Animal Care guidelines for animal use. All mice used in this study were maintained
on a C57BL/6J background and were housed in groups in individually ventilated
cages under a 12:12-h light/dark cycle with access to food and water ad libitum.
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Because there is no apparent gender bias to the overserved pathology and
molecular changes, female and male mice were included and randomly allocated
to experimental groups according to age and genotype. To reduce the
potential effects due to the estrus cycle of female mice, only male mice
were used for the behavioral assays. All animals used in this study were
between 2.5 and 3 mo of age. No animals or samples were excluded in any
of the experiments.
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Conditional TDP-43 (Tardbp™®) mice (stock no. 017591) and reporter
Rosa26-GNZ mice (stock no. 008606) were purchased from the Jackson
Laboratory. GFAP-Cre mice were described previously (43). For genotyp-
ing, genomic DNA was isolated from tail biopsies using salt-extraction
methods and subjected to routine PCR methods using the following pri-
mers: Tardbp™; 5'-ccctggctcatcaagaactg-3' and 5'-tccaggacagccaggactac-3/;
GFAP-Cre: 5'-ggggattcctcaactgacaa-3’ and 5'-catgtttagctggcccaaat-3’; and

Fig. 8. Proposed working model of triglial dysfunction
triggered by astroglial TDP-43 deletion. Astrocytes
5 without TDP-43 show enhanced GFAP immunoreactivity
and acquire an Al-reactive signature, which induces
microglia to increase C1 complement system expression
and leads to a reduction of mature oligodendrocytes.
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Rosa26-GNZ: 5’-taagcctgcccagaagactc-3/, 5'-aaagtcgctctgagttgttat-3’ and
5'-tccagttcaacatcagccgctaca-3'.

Immunofluorescence, EdU Injection and Staining, Image Acquisition and
Processing, Isolation of Astrocytes and Oligodendrocytes, and Immunoblotting.
The detailed procedures are described in S/ Appendix and the primary anti-
bodies used in the study are listed in S/ Appendix, Table S2.

RNA Analysis: qRT-PCR and RNA-Seq Analysis. Total RNA was extracted from
spinal cord tissues of 3-mo-old mice and mRNA levels of genes of interest
were determined by gRT-PCR. The detailed protocol can be found in S/
Appendix and the list of primers used are listed in S/ Appendix, Table S3.
Further, multiplex strand specific RNA-seq libraries were prepared from the
RNA using Illumina TruSeq RNA Sample Prep Kit. Four biological replicates
were used for each genotype and the libraries were sequenced using lllu-
mina HiSeq4000 pair-end 151-bp sequencing. Details of the bioinformatic
analysis of the RNA-seq data, including alignment, abundance quantifica-
tion, diagnostic plots, downstream functional analysis, and estimation of cell
composition are provided in S/ Appendix.

Behavioral Testing. The detail procedures for open field, balance beam, rotarod
test, grip strength, plantar test for thermal sensation, and dynamic plantar test
for mechanical sensation are described in detail in S/ Appendlix.

Statistics. For datasets with no repeated measures from individual mice (e.g.,
the behavior tests), we fit variance using linear models via analysis of variance
(aov function in R) (70) to test the effect of the various variables on the
respective responses. A Tukey’s HSD test was used to contrast between
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